Abstract Defatted wheat germ peptides (DWGPs) were prepared by fermentation with Bacillus Subtilis B1 and the antioxidant activities of DWGPs were investigated. The fermentation condition was optimized by response surface method (RSM) with three factors and three levels according to Box-Behnken theory. A maximal yield of DWGPs was achieved 8.69 mg/mL under optimal conditions: inoculum size 8%, fermentation temperature 31°C and time 48 h. The main portion in the hydrolysates after fermentation was not free amino acid but peptide. The main molecular weight distribution of DWGPs was lower than 1000 Da. A positive correlation (R 2 =0.9911) was found between concentration of DWGPs and total antioxidant capacity (T-AOC). DWGPs presented a significant does-dependent on scavenging activities of DPPH, hydroxyl and superoxide anion radicals. The EC 50 values for the scavenging rates of DPPH, hydroxyl and superoxide anion radicals were 3.16 mg/mL, 6.04 mg/mL and 7.46 mg/mL, respectively. The results suggested that DWGPs produced by fermentation could be used as a promising antioxidant ingredient.
Introduction
Bioactive peptides with special physical function, such as antioxidant activity (Sun et al. 2011 ), ACE-inhibitory activity (Jia et al. 2010) , antimicrobial activity (Thammasirirak et al. 2010) , have attracted much attention. Until now, bioactive peptides have mainly been prepared from protein with commercial enzyme hydrolysis. Owing to the high cost of the commercial enzyme and the bitterness of hydrolysates, the industrial production of bioactive peptides in developing countries has been limited. Throughout history, fermentation has been successfully used to improve product properties (Jamdar et al. 2010; Lee et al. 2008; Lin et al. 2006 ). Bioactive peptides produced by fermentation (Rajapakse et al. 2005; Sun et al. 2004 ) from raw materials, particularly obtained from milk (Tsai et al. 2008 ) and soybean (Yu, et al. 2008) , have been widely reported and proved to be an economical alternative method of bioactive peptides production. Meanwhile, the more complex proteinase secreted by microbial, may modify the exposed bitter taste of hydrophobic groups, making the peptides relatively mild flavor.
Defatted wheat germ, main byproduct obtained from the production of wheat germ oil, has relative high content of protein (~35%) and essential amino acids, such as lysine, methionine, and threonine, which are deficient in the many cereals (Ahmad et al. 2010; Ge et al. 2001; Zhu et al. 2006) . Wheat germ protein contains many amino acid sequences with biological activity, which can be released by the specific proteinase, could be a good source of bioactive peptides. Therefore, production of peptides from defatted wheat germ can improve the utilization of defatted wheat germ and accelerate the industrial production process.
There are many studies on the production of wheat germ peptides by the method of commercial enzyme hydrolysis with wheat germ protein. Some peptides derived from wheat germ protein by enzyme hydrolysis displayed high bioactive, such as antioxidant activity ), ACE-inhibitory activity (Jia, et al. 2010; Matsui et al. 1999) . However, the production of wheat germ peptides by fermentation has not been reported.
The objective of the present work was to produce bioactive peptides from defatted wheat germ by fermentation with Bacillus Subtilis B1. In order to obtain the highest yield of peptides, the fermentation condition was optimized according to RSM. Moreover, the antioxidant activities of fermented peptides were also investigated by means of in vitro free radicals scavenging tests.
Materials and methods

Materials
Bacillus Subtilis B1 used as fermentation strain throughout the work was screened by ourselves. The strain was stored on agar slant at 4°C and sub-cultured monthly. Defatted wheat germ (DWG) was donated by Zhanyuan Co. (Hefei, China). T-AOC kit was purchased from Jiancheng Biological Engineering Institute (Nanjing, China). 1,1-diphenyl-2-pycrylhydrazyl (DPPH) was purchased from Sigma Chemical Co. (St. Louis, MO, USA). All other chemicals and reagents were of analytical grade and purchased from Sinopharm Chemical Reagent Co, Ltd (Shanghai, China).
Fermentation of defatted wheat germ (DWG)
Bacillus Subtilis B1 transferred from a slant and grown in broth media (3 g of beef extract, 10 g of peptone and 5 g of NaCl dissolved in 1000 mL of distilled water; pH 7.2) at 37°C
for 24 h was used as seed broth. The fermentation medium was composed of 5% (w/v) defatted wheat germ. After sterilization, every 50 mL fermentation medium in 250 mL flask was inoculated with seed broth.
Preparation of defatted wheat germ peptides (DWGPs)
After fermentation, the fermentation broth was incubated at 105°C for 10 min to kill the microorganism and then was centrifuged at 1119×g for 15 min. The supernatant was filtered through a 0.45 μm membrane filter and collected as hydrolysates. The hydrolysates were freeze-dried and stored at 4°C before further analysis. The lyophilized hydrolysates were named defatted wheat germ peptides (DWGPs).
Determination of peptides contont in the fermentation broth After fermentation, trichloracetic acid (TCA, 10%) solution was added to an equal volume of the hydrolysates to precipitate protein. The supernatant was collected by centrifuged at 1119×g for 15 min. The content of TCA-N in the supernatants was determined by an automatic Kjeldahl analyzer (UDK152,VELP). The content of free amino acid (FAA) in the hydrolysates was determined by modified ninhydrin colorimetry (Guo 2000) . The content of peptides in the fermentation broth was calculated by the equation below.
Peptides content ðmg=mLÞ ¼ TCA À N content-FAA content
Experimental design for optimization of fermentation parameters
The fermented condition was optimized using a BoxBehnken design containing three levels for each parameter. Inoculum size (X 1 ), fermentation time (X 2 ) and temperature (X 3 ) were chosen for independent variables and coded for the appraisals of factors. Uncoded and coded values of the variables were given in Table 1 . The levels of the parameters were based on preliminary experimental results. All experiments were carried out in randomized order and done in triplicate. The average of the yield of DWGPs was selected as response (Y). A second-order polynomial regression model was used to express Y as a function of the independent variables as follows:
where Y is the yield of DWGPs (mg/mL), X 1 is the inoculum size (%), X 2 is the fermentation time (h) and X 3 is the fermentation temperature (°C).
DPPH radical scavenging activity
The DPPH radical-scavenging activity of DWGPs was measured according to the method described by Li et al. (Li et al. 2008 ) with some modifications. 0.5 mL of DWGPs was mixed with 2.0 mL of 0.004% DPPH in 95% ethanol. The mixture was shaken vigorously and immediately placed in dark for 30 min. The absorbance was monitored at 517 nm using a UV-Visible Beckman Coulter spectrophotometer (Fullerton, CA, USA).
DPPH radical À scavenging activity ð%Þ ¼
where A A is the absorbance value of the tested sample; A B is the absorbance value of the blank.
Superoxide anion radical scavenging activity
The superoxide anion scavenging activity of DWGPs was determined by the method described by Li et al. (Li, et al. 2008 ) with some modifications. The DWGPs were dissolved in Tris-HCl-EDTA buffer (0.1 M, pH 8.0) and then the mixtures were incubated at 25°C for 10 min. Pyrogallol solution (3 mM) was added into the mixtures. The absorbance was measured at 320 nm every 10 s in 5 min. The regression equation was set according to the absorbance and time; the slope was the rate of pyrogallol autoxidation V.
where V 0 is the rate of pyrogallol autoxidation of control (ΔA 0 /s); V S is the rate of pyrogallol autoxidation of samples (ΔAs/s)
Hydroxyl radical scavenging activity
The hydroxyl radical scavenging activity of DWGPs was determined by the method described by Zhang et al. (Zhang, et al. 2009 ) with some modifications. Both 0.5 mL 1,10-phenanthroline (0.75 mM) and 0.5 mL FeSO 4 (0.75 mM) were dissolved in 1 mL phosphate buffer (pH 7.4) and mixed thoroughly. 0.5 mL H 2 O 2 (0.01%) and 0.5 mL sample were added. The mixture was incubated at 37°C for 60 min, and the absorbance was measured at 536 nm.
where A S is the absorbance value of the sample; A 1 is the absorbance value of control solution containing 1,10-phenanthroline, FeSO 4 and H 2 O 2 ; A 0 is the absorbance value of blank solution containing 1,10-phenanthroline and FeSO 4 .
Total antioxidant capacity
The total antioxidant capacity (T-AOC) of DWGPs was determined using a commercial kit (Jiancheng Biological Engineering Institute, Nanjing, China) and the result was calculated by the equation below.
Total antioxidant capacity Unit=mL
where OD V is the absorbance value of the sample; OD C is the absorbance value of the control; N is dilution of the reaction system; n is the dilution of the sample.
Analysis of amino acid composition
Pretreatments of the hydrolysates were done before amino acid analysis. For determination of free amino acid, an equivalent volume of TCA was added to the hydrolysate to precipitate proteins. The supernatant was obtained by centrifuged at 1119×g for 15 min. For the total amino acids determination, the hydrolysate was hydrolyzed at 110°C for 22 h with 6 M HCl. After pretreatments, the compositions of amino acid in the samples were determined with an automatic amino acid analyzer (835-50, Hitachi). Amino acid composition was reported as mg amino acid/mL.
Determination of molecular weight distribution
Molecular weight distribution profile of DWGPs was determined using an AKTA Purifier System (GE Healthcare, USA). The samples were loaded onto a gel column named Superdex Peptide 10/300 GL (10 i.d. ×300 mm), eluted with deionized water at a flow rate of 0.4 mL/ min and monitored at 220 nm. A molecular weight calibration curve was obtained from the following standards from Sigma: cytochrome C (12,500 Da), aprotinin (6500 Da), bacitracin (1450 Da), tetrapeptide GGYR (451 Da), and tripeptide GGG (189 Da). Results were processed using UNICORN Version 5.1 software (GE Healthcare, USA).
Statistical analysis
All of the experiments were performed in triplicates. The average value and standard deviation were calculated. The data were analyzed using SPSS 13.0 statistical software. The response surface analysis procedure was performed using Design-Expert 7.0 statistical software.
Results and discussion
Optimization of fermentation condition
The yield of DWGPs obtained from all the experiments along with the predicted yield of DWGPs were listed in Table 2 according to RSM design.
ANOVA for the response surface quadratic model was shown in Table 3 . The P-value was used to identify the effect of each factor on yield of DWGPs. From statistical analysis, the model with the P-value less than 0.0001 was highly significant, which implied the model was suitable for this experiment. Meanwhile, the "lack of fit" was insignificant, the R-Squared was 0.997638, which indicated 99.7638% of the variability in the response on yield of DWGPs can be explained by the model. Data also showed that fermentation time affected the yield of DWGPs highly significant, inoculum size affected the yield of DWGPs significant, but temperature affected the yield of DWGPs not significant. The interaction between inoculum size and temperature, inoculum size and time affected the yield of DWGPs highly significant, the interaction between temperature and time affected the yield of DWGPs significant. All the second-order terms (X 1 2 , X 2 2 , X 3 2 ) were affected the yield of DWGPs highly significant.
The coefficients of independent variables determined for the second-order polynomial model for the yield of peptides was given below: In order to determine the optimal levels of each variable for maximum yield of DWGPs and the interaction of the variables effect on the yield of DWGPs, 3D response surfaces plots were employed. As shown in Fig. 1(a) , the yield of DWGPs was increased until the fermentation time and temperature reached an optimum point and then decreased. The interaction between temperature and time affected the yield of DWGPs significant. The maximal yield of DWGPs was observed at around 31°C and 48 h. DWGPs was affected by the inoculum size and fermentation temperature, and the interaction between inoculum size and temperature affected the yield highly significant. The effect of fermentation time and inoculum size on DWGPs yield was showed in Fig. 1(c) . The yield of DWGPs was increased until the fermentation time and inoculum size reached an optimum point and then decreased. The maximal yield of DWGPs was observed at around 8% and 48 h.
The optimization of the model was performed using auto-analysis software. A maximal yield of DWGPs was 
Amino acid composition of hydrolysates
With the hydrolysis by protease secreted from Bacillus Subtilis B1, the defatted wheat germ was gradually hydrolyzed into short peptides and free amino acids. The amino acid composition of peptides formed in hydrolysates at different fermentation time was shown in Table 4 . Data showed that the main portion in the hydrolysates after fermentation was peptide. In general, glutamic acid, aspartic acid, leucine and lysine were abundant in DWGPs. Although the hydrophobic amino acids, such as tyrosine and alanine were increased after fermentation, they existed as peptides, not as free amino acids, which may reduce the bitterness of DWGPs. As shown in the composition of peptide in 48 h, there was no much difference from the DWG (Jiang and Niu 2011) , suggesting that DWGPs may display the same function and value as DWG.
Molecular weight distribution
The molecular weight distribution of DWGPs was shown in Fig. 2 . The peaks were located at > 2000 Da (1.6%), 2000-1000 Da (15.66%), 1000-500 Da (29.37%), 500-180 Da (25.96%) and < 180 Da (27.12%). Data indicated that many low molecular weight (1000-180 Da) peptides were formed (55.33%) after fermentation. A lot of studies have already shown that the bioactivities of peptides were depended on their molecular weight distribution. Zhu et al. reported that wheat germ protein hydrolysis with molecular weight ranging from 1050-180 Da had high free radical-savenging activities. In this study, peptides with a low molecular weight ranging from 1000-180 Da successfully obtained by fermentation probably associated with higher antioxidant activity.
T-AOC activity of hydrolysates during different fermentation time Figure 3 showed the interaction between concentration of DWGPs and T-AOC activity at different fermentation times. The concentration of DWGPs and T-AOC activity were increased with the fermentation time increasing. When the fermentation time was 48 h, the concentration of DWGPs came to 8.368 mg/mL, and the T-AOC activity reached 60.31 Unit/mL, which was about 10 times of the values at 0 h (6.33 Unit/mL). The antioxidant activity was increased highly by fermentation. Antioxidant activity has been detected in cereals (Sun and Ho 2005; Yu et al. 2002) . Dordevic T. M. et al. (Dordevic et al. 2010) reported the effect of fermentation on antioxidant properties of some cereals, such as buck wheat, wheat germ, barley and rye. The presence of microorganisms (lactic acid bacteria Lactobacillus rhamnosus, and yeast Saccharomyces cerevisiae) was more or less important for enhanced levels of antioxidant activity. In this study, we used Bacillus Subtilis B1 as ferment strain, and similar result was also obtained. There may be several ambiguous explanations of the antioxidant activity increasing, such as the presence of phenolics (Dordevic et al. 2010) . However, in this study, although the total phenolics were increased after fermentation, there was no correlation between the total phenolics and T-AOC (data not shown). A positive correlation (R 2 = 0.9911) was found between concentration of DWGPs and total antioxidant capacity (T-AOC). Many peptides, which displayed high antioxidant activities, have been obtained from fermentation recently. (Rajapakse, et al. 2005; Yu, et al. 2008 ). The peptides produced by enzymatic hydrolysis of wheat germ protein have been reported to be high antioxidant activities . Therefore, the wheat germ protein may contain some antioxidant squences of amino acids. DWGPs prepared by fermentation may have antioxidant activity. Different methods used for measuring antioxidant activity based on different mechanisms may lead to different observations. Besides T-AOC activity, other antioxidant activities were determined to confirm the antioxidant activity of DWGPs.
Antioxidant activity of DWGPs
The relatively stable DPPH radical was widely used to investigate the scavenging activity of some antioxidants (Li, et al. 2008; Sachindra, et al. 2010; . DPPH radical-scavenging activity of DWGPs at different concentrations was shown in Fig. 4a , V C was used as a positive control. In the range of 1-5 mg/mL, DWGPs displayed a significant does-dependent on the DPPH radical-scavenging activity. V C showed strong DPPH radical-scavenging activity at a lower concentration, while DWGPs needed high concentration to show the same activity. When the concentration was 5 mg/mL, the DPPH radical-scavenging activity was 94.61%, which was correspond to V C at the same concentration. The EC 50 (concentration of samples required to scavenge 50% of free radicals) value calculated from the regression equation (y=−1.4602x 2 +29.455x -28.493, R 2 = 0.9972) was 3.16 mg/mL. The value was a little lower than the hydrolysates obtained by enzymatic hydrolysis , but this result showed that DWGPs had a potency to affect DPPH radical.
Hydroxyl radical-scavenging activity of DWGPs at different concentrations was shown in Fig. 4b , V C was used as a positive control. The hydroxyl radical-scavenging activity increased along with the concentration of DWGPs increased. The EC 50 value calculated from the regression equation (y=0.1173x 2 +9.0859x -9.125, R 2 =0.9965) was 6.04 mg/mL. As shown in Fig. 4c , DWGPs displayed a significant does-dependent on the superoxide radicalscavenging activity. The EC 50 value calculated from the regression equation (y=−0.442x 2 +11.463x -10.897, R 2 = 0.9936) was 7.46 mg/mL, while the EC 50 value of V C was reported to be 1.33 mg/mL (Zhou et al. 2008) . Although the hydroxyl radical and superoxide radical scavenge activities were much lower than these of V C at a low concentration , increasing the concentration of DWGPs may reach the same scavenge effect of V C . DWGPs will be used as a promising antioxidant component in functional food.
Conclusion
Fermentation could be a promising way to produce peptides and enhance product function. Fermentation of defatted wheat germ successfully provided peptides with antioxidant activities. The T-AOC activity highly increased after fermentation. DWGPs prepared by fermentation displayed an effect on scavenging activity of DPPH, hydroxyl and superoxide anion radicals. The results suggested that DWGPs could be used as a promising antioxidant ingredient in food industry. However, further studies on isolation and purification of a high antioxidant activity peptide from DWGPs, as well as the in vivo antioxidant activity tests are needed.
